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Thermodynamic interpretation of the de Sitter swampland conjecture
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1Department of Physics Education, Korea National University of Education,
Cheongju 28173, Korea
We interpret the de Sitter swampland conjecture in the thermodynamic point of view. When the
number of degrees of freedom is enhanced as the modulus rolls down the potential, the bound on
mPl∇V/V is equivalent to the condition for the positive temperature phase. The boundary between
the positive- and the negative temperature phases is preferred by the classical system since the
entropy density is maximized. The distance conjecture imposes that (quasi-)de Sitter spacetime is
entirely in the negative temperature phase and statistically disfavored. By investigating the concave
potential, we also justify the bound on m2Pl∇
2V/V .
INTRODUCTION
The instability of (quasi-)de Sitter (dS) spacetime has
been a long standing issue. While both primordial infla-
tionary paradigm and ΛCDM model explaining the cur-
rent accelerating Universe are well consistent with ob-
servations [1], constructing model based on string theory
requires the nontrivial setup [2], as suggested by KKLT
[3] or large volume scenario [4]. Once the string theory
solution exists, apart from its naturalness, the anthropic
principle [5] or the string landscape [6] might account for
the real world described by the solution. On the other
hand, it was recently proposed that in any parametri-
cally controllable regime (meta-)stable de Sitter space-
time is not allowed by quantum gravity [7]. Among many
conjectured effective field theory (EFT) properties con-
sistent with quantum gravity (for reviews, see, [8, 9]),
this de Sitter swampland conjecture became controver-
sial. Counter-examples have been studied through the
Higgs and the axion potentials, from which the role of
the curvature, not just the slope of the potential is em-
phasized [10–17]. Such a situation calls for the refinement
of the conjecture and also the physically acceptable argu-
ments supporting it. In [18, 19], the refined dS swamp-
land bound was formulated as
mPl
|∇V |
V
≥ c, or
m2Pl
min(∇i∇jV )
V
≤ −c′
(1)
for some positive order one constants c and c′ and more
importantly, Bousso’s covariant entropy bound [20], as
well as the distance conjecture [21] were considered to
support the conjecture in [19]. 1 That is, in the pres-
1 The dS swampland bound can be written as the condition on the
Hubble parameter H instead of the potential as given by (1) [22].
This enables us to apply the dS swampland conjecture to exotic
inflationary cosmology models, in which quasi-dS spacetime is
not necessarily a consequence of the almost flat potential (see
also [23–25]).
ence of some modulus along which the number of phys-
ical degrees of freedom N (hence the entropy) increases
rapidly, the condition that the entropy cannot exceed the
Gibbons-Hawking bound SGH = m
2
Pl/H
2 (we ignored the
numerical factor of order one) results in the first bound
in (1) as the Hubble parameter H is also controlled by
the modulus. Meanwhile, the second bound states the
breakdown of the semi-classical picture for dS spacetime
by the tachyonic zero point quantum fluctuation.
In this argument, the inequality itself comes from the
thermodynamic property of spacetime, i.e., the entropy
bound. On the other hand, the existence of the mod-
ulus with properties given above as well as order one
values of c and c′ are results of the distance conjecture
which claims that as the modulus traverses along the
trans-Planckian geodesic distance towers of light degrees
of freedom rapidly descend from UV. Motivated by these
facts, in this letter we make a more systematic inter-
pretation of the dS swampland conjecture using the lan-
guage of thermodynamics. Moreover we try to specify
the role of the distance conjecture which is irrelevant to
thermodynamics. For this purpose, we take the ansatz
SH = N
p(H/mPl)
q for the entropy inside the horizon as
considered in [19]. The nonzero exponent p stands for
the effect from the large number of degrees of freedom
as predicted by the distance conjecture while vanishing
p means that the entropy is purely geometric.
From the thermodynamic definition of the tempera-
ture, we find that when the distance conjecture is applied
to the modulus rolling down the potential, the bound
on mPl|∇V |/V in (1) is in fact the condition for the
positive temperature phase, which is a consequence of
the upper bound on the entropy under the EFT validity
condition H < mPl. Indeed, the boundary between the
positive- and the negative temperature phases at which
the bound on mPl|∇V |/V saturates has the maximal en-
tropy density hence corresponds to a spacetime configu-
ration preferred by the system. On the contrary, quasi-
dS spacetime that belongs to the negative temperature
phase is not statistically favored. Finally, by estimat-
ing m2Pl∇2V/V for the concave potential, we justify the
2second bound in (1).
THE POSITIVITY CONDITION ON THE
TEMPERATURE
To begin with, we recall that for (quasi-)dS spacetime,
the entropy of the causally connected region cannot be
arbitrarily large. Let SH be the entropy within the hori-
zon of size H−1. Since the entropy of the system is max-
imized by that of the blackhole of the same size which is
given by the area law, SH is bounded by SGH = m
2
Pl/H
2
[26] (for a review of the holographic entropy bound in-
cluding the area law, see, e.g., [27]). For the region larger
than the horizon scale, the total entropy is given by SH
times the number of causally connected regions. Given
the total volume a3v, where v is the constant comoving
volume, there are nH ≡ (aH)3v causally connected re-
gions so the total entropy is given by S = SHnH which
cannot be larger than SGHnH [31].
Now consider the ansatz for the entropy SH =
Np(H/mPl)
q [19]. Dividing the total entropy S =
(a3v)NpHq+3/mqPl by the total volume Vol = a
3v, we
obtain the entropy density s = NpHq+3/mqPl. We re-
quire p ≥ 0 since negative p is not consistent with our
intuition that the larger the number of degrees of free-
dom, the larger the entropy. From the first law of ther-
modynamics, dE = −pd(Vol) + TdS, the temperature is
defined as T−1 = (∂S/∂E)Vol = (∂s/∂ρ)Vol. Using the
fact that H depends on ρ through
3m2PlH
2 = ρ ≃ V (φ), (2)
and N depends on ρ ≃ V (φ) through φ, we obtain
∂Hq+3
∂ρ
∣∣∣
Vol
=
1
3m2Pl
d(H2)
q+3
2
dH2
=
q + 3
6m2Pl
Hq+1,
∂Np
∂ρ
∣∣∣
Vol
=
dφ
dV
dNp
dφ
= p
Np
V ′
1
N
dN
dφ
,
(3)
from which T−1 is given by
T−1 =
[q + 3
6
+ sgn(V ′)
p
3
√
2ǫV
mPl
N
dN
dφ
]
Np
Hq+1
mq+2Pl
. (4)
Here, mPl(V
′/V ) is denoted as sgn(V ′)
√
2ǫV , following
the conventional definition of the slow-roll parameter in
inflationary cosmology.
We note here that since H < mPl for the EFT we are
working with to be valid, for N > 1 and p > 0, the en-
tropy bound SH ≤ SGH or Np ≤ (H/mPl)−2−q holds
only if q > −2. When p = 0, since the EFT validity con-
dition and the entropy bound just give (H/mPl)
−2−q ≥ 1,
we have q ≥ −2 [28]. In any of two cases, the first term
in (4) is always positive.
On the other hand, for p = 0 the second term vanishes
hence the temperature is always positive. When p 6= 0,
the sign of the nonzero second term in (4) depends on
the shape of the potential. To see this, we first choose
the fiducial value of the modulus φ0. Then the distance
conjecture predicts that the rate (mPl/N)dN/dφ at φ is
positive as φ recedes from φ0, with |(mPl/N)dN/dφ| ∼
O(1). Therefore, sgn(V ′)(mPl/N)(dN/dφ) becomes neg-
ative (positive) if φ gets away from φ0 by rolling down
(climbing up) the potential.
As a specific example, we can consider the potential
which has a local maximum or a local minimum. When
V (φ0) is the local maximum (minimum) of the poten-
tial, sgn(V ′)(mPl/N)(dN/dφ) is always negative (posi-
tive). Especially, the string theory models for the meta-
stable dS spacetime as a local minimum like KKLT [3]
or large volume scenario [4] realize the positive definite
sgn(V ′)(mPl/N)(dN/dφ). We note that whether the po-
tential changes the direction or maintains the flatness at
the local maximum of the potential depends on the value
of m2Pl∇2V/V . The bound on m2Pl∇2V/V in (1) asserts
that the latter is excluded by quantum gravity.
In terms of inflationary cosmology, the Friedmann
equations (2) and 2m2PlH˙ = −(ρ+ p), together with the
relations ρ = 1
2
φ˙2 + V and p = 1
2
φ˙2 − V impose H˙ < 0
such that the slow-roll parameter satisfies the relation
ǫH = −H˙/H2 = φ˙2/(2m2PlH2). If we take φ˙ > 0 as φ
gets farther from the initial value φ0, the time derivative
of (2) results in sgn(V ′) = −1. The distance conjec-
ture ensures that (mPl/N)dN/dφ is positive so we have
sgn(V ′)(mPl/N)(dN/dφ) < 0. On the other hand, hav-
ing sgn(V ′)(mPl/N)(dN/dφ) > 0 through sgn(V
′) = +1
and (mPl/N)(dN/dφ) > 0 at the same time is nontrivial
since −H˙ (hence ρ+ p) is no longer positive. It violates
the null energy condition which the bound for mPl∇V/V
in (1) is regarded as being based on [7]. Moreover, the
energy can be unstable by, e.g., negative kinetic term as
can be found in the phantom model [29] (see also [30]).
When sgn(V ′)(mPl/N)(dN/dφ) > 0, the tempera-
ture is always positive definite but lower than (6/(q +
3))N−pmq+2Pl /H
q+1. On the contrary, in the case of
sgn(V ′)(mPl/N)(dN/dφ) < 0, too large value of the sec-
ond term in (4) drives the temperature negative. Then
the positivity condition on the temperature sets the
bound on ǫV as
ǫ
1/2
V ≥
√
2p
q + 3
∣∣∣mPl
N
dN
dφ
∣∣∣ ≡ ǫ1/2c , (5)
which is what [19] obtained as the first bound in (1).
THE NEGATIVE TEMPERATURE PHASE
So far we find that the bound on mPl(V
′/V ) as given
by (5) is interpreted as the positivity condition on the
temperature provided sgn(V ′)(mPl/N)(dN/dφ) < 0. On
the other hand, a negative temperature is not an unphys-
ical quantity, whereas it does not appear in the usual
3E
S
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Phase 1 Phase 2
FIG. 1. The entropy-energy relation for the system having
the positive- and the negative temperature phases. The tem-
perature diverges when the entropy is bounded from above.
classical thermodynamic system. A negative tempera-
ture just means that the entropy decreases as the en-
ergy increases at fixed volume, which appears when the
possible energy of the system has an upper bound. In
this case, the number of microstates occupied by the sys-
tem does not diverge at high energy. In Fig. 1, we de-
pict the entropy-energy relation for the system having
the positive (phase 1) and the negative (phase 2) tem-
perature phases. We infer that the system has a zero
temperature if the whole system is either on the ground
state (T = 0+) or on the highest energy state (T = 0−).
We also expect that when the entropy has a maximum
at E = Ec, the temperature becomes infinity at Ec by
T−1(Ec) = ∂S/∂E|Ec = 0. Then Ec characterizes the
boundary between the positive- and the negative tem-
perature phases giving T (E−c ) = +∞ and T (E+c ) = −∞.
The system at a negative temperature has rather higher
energy compared to that at a positive temperature.
It is remarkable that for sgn(V ′)(mPl/N)(dN/dφ) < 0,
the behavior of the temperature of (quasi-)dS spacetime
given by (4) follows that of the system described above,
as shown in Fig. 2. We note that whereas we have con-
sidered the entropy dependence on the energy in the pre-
vious discussion, Fig. 2 describes the entropy variation
with respect to ǫV while H (hence the energy density)
as well as N are fixed. Indeed, considering the change
in V under the infinitesimal variation ∆φ along the di-
rection of (mPl/N)dN/dφ > 0, as ǫV gets larger we have
the steeper potential so the height of the potential soon
decreases. Then qualitatively the average energy density
over ∆φ gets smaller for larger ǫV . It is maximized for
ǫV = 0 in which H is maintained at a constant value.
We can also understand the entropy dependence on ǫV
in the following way. Since the entropy density is given
by s = NpHq+3/mqPl with both p and q + 3 positive,
for the potential satisfying sgn(V ′)(mPl/N)(dN/dφ) < 0
we have a tension between growing N and diminishing
V along φ, as each of them raises and lowers the en-
tropy density respectively. If the potential is nearly flat,
ǫ
1/2
V
ǫ1/2c
T
Phase 2 Phase 1
6
q+3
m
q+2
Pl
NpHq+1
FIG. 2. The phase diagram for quasi-dS spacetime satisfy-
ing sgn(V ′)(mPl/N)(dN/dφ) < 0 for fixed N and H . The
temperature diverges at ǫV = ǫc, in which the entropy is
maximized.
i.e., ǫV ≃ 0 the decrement of the potential is very small
whereas |(mPl/N)(dN/dφ)| is order one so the entropy
density tends to increase along φ by the growing N ef-
fect. But such a growth of the entropy density is limited
as the entropy is bounded by SGH. Therefore, for large
ǫV the decrease rate of V becomes dominant and the
entropy density diminishes along φ.
The argument above shows that ǫV determines
whether the entropy density is on the way of increase
or decrease along φ (which is in the diminishing V ≃ ρ
direction) at given H (or the height of the potential).
Then we expect that there exists a value of ǫV which
in fact is given by ǫc (in (5)) that the effect of the in-
creasing N becomes strongest. When the potential with
sgn(V ′) = −1 has a slope giving ǫc at some specific
value of H , the entropy density is maximized there. This
point corresponds to the boundary between the positive-
and the negative phases so we have T (ǫ−c ) = −∞ and
T (ǫ+c ) = +∞. We note that the divergence of the tem-
perature at the boundary is a result of the cancellation
between the positive first term and the negative second
term in (4), and the positivity of the first term is en-
sured by the Gibbons-Hawking entropy bound together
with the EFT validity condition H < mPl. Such a config-
uration with the maximum entropy is statistically most
probable as the number of microstates giving it is the
largest there. If (mPl/N)dN/dφ ≪ O(1), spacetime at
the boundary is close to dS so we can find quasi-dS space-
time with ǫV ≪ 1 preferred by the system. However, the
distance conjecture imposes (mPl/N)dN/dφ ∼ O(1), so
spacetime at the boundary strongly deviates from per-
fect dS. Then entire quasi-dS spacetime is in the nega-
tive temperature phase and no longer preferred by the
4system : it has too small entropy. We also note that as
ǫV → ∞ the temperature approaches to the asymptotic
value (6/q + 3)N−pmq+2Pl /H
q+1 instead of zero implying
the absence of the ground state. But this is not physical
since spacetime severely deviates from quasi-dS, so (2)
is no longer a good description : kinetic energy we have
ignored becomes important.
Such a behavior of the entropy density with respect
to ǫV imposes the bound on m
2
Pl∇2V/V when applied
to the concave potential. For the concave potential hav-
ing a maximum at φ = φ0, as we move away from the
top of the potential ǫV gradually increases from 0. Sup-
pose at some value of φ, which we call φc, ǫV reaches ǫc,
which implies that the entropy density is maximized at
H(φc). Since the increase of the entropy is a result of the
rapidly growingN which is driven by the trans-Planckian
excursion of the modulus as expected from the distance
conjecture, we estimate φc − φ0 ∼ mPl. From this the
change in V ′ over the range [φ0, φc] is gives
m2Pl
V (φ0)
∆V ′
∆φ
≃ m
2
Pl
V (φ0)
V ′(φc)− V ′(φ0)
φc − φ0
≃ sgn(V ′)
[V (φc)
V (φ0)
√
2ǫc −
√
2ǫV (φ0)
]
= − 2p
q + 3
V (φc)
V (φ0)
∣∣∣mPl
N
dN
dφ
∣∣∣.
(6)
Since ǫV is not large enough to dominate over the grow-
ing N effect, it is reasonable to assume that V (φc)/V (φ0)
is not so much smaller than 1. As the absolute value of
m2PlV
′′/V is maximized at the top of the concave poten-
tial, we conclude that near the top of the potential at
which ǫV ≪ 1,
m2Pl
V ′′
V
. − 2p
q + 3
V (φc)
V (φ0)
∣∣∣mPl
N
dN
dφ
∣∣∣, (7)
as the second bound in (1) states.
CONCLUSION
So far, we present the thermodynamic interpretation of
the dS swampland conjecture for the potential satisfying
sgn(V ′)(mPl/N)(dN/dφ) < 0 under the distance conjec-
ture. Such a potential corresponds to the system having
the negative temperature phase. When the bound on
mPl∇V/V saturates the system has a maximum entropy
and the value of ǫV at this point is constrained by the
Gibbons-Hawking entropy bound, the EFT validity con-
dition as well as the distance conjecture. On the other
hand, our thermodynamic consideration does not tell us
about the (quasi-)dS vacuum as a local minimum around
which the potential does not have any direction satisfy-
ing sgn(V ′)(mPl/N)(dN/dφ) < 0. As this case includes
the string theory model for the metastable dS vacuum, it
would be meaningful to find out the thermodynamic ar-
gument supporting or avoiding the dS swampland bound
on it.
Acknowledgments: MS thanks Jinn-Ouk Gong for
comments.
∗ minseokseo57@gmail.com
[1] N. Aghanim et al. [Planck Collaboration],
arXiv:1807.06209 [astro-ph.CO].
[2] M. Dine and N. Seiberg, Phys. Lett. 162B, 299 (1985).
[3] S. Kachru, R. Kallosh, A. D. Linde and S. P. Trivedi,
Phys. Rev. D 68, 046005 (2003) [hep-th/0301240].
[4] V. Balasubramanian, P. Berglund, J. P. Conlon and
F. Quevedo, JHEP 0503, 007 (2005) [hep-th/0502058].
[5] S. Weinberg, Phys. Rev. Lett. 59, 2607 (1987).
[6] R. Bousso and J. Polchinski, JHEP 0006, 006 (2000)
[hep-th/0004134].
[7] G. Obied, H. Ooguri, L. Spodyneiko and C. Vafa,
arXiv:1806.08362 [hep-th].
[8] T. D. Brennan, F. Carta and C. Vafa, PoS TASI 2017,
015 (2017) [arXiv:1711.00864 [hep-th]].
[9] E. Palti, Fortsch. Phys. 67, no. 6, 1900037 (2019)
[arXiv:1903.06239 [hep-th]].
[10] D. Andriot, Phys. Lett. B 785, 570 (2018)
[arXiv:1806.10999 [hep-th]].
[11] F. Denef, A. Hebecker and T. Wrase, Phys. Rev. D 98,
no. 8, 086004 (2018) [arXiv:1807.06581 [hep-th]].
[12] J. P. Conlon, Int. J. Mod. Phys. A 33, no. 29, 1850178
(2018) [arXiv:1808.05040 [hep-th]].
[13] H. Murayama, M. Yamazaki and T. T. Yanagida, JHEP
1812, 032 (2018) [arXiv:1809.00478 [hep-th]].
[14] K. Choi, D. Chway and C. S. Shin, JHEP 1811, 142
(2018) [arXiv:1809.01475 [hep-th]].
[15] K. Hamaguchi, M. Ibe and T. Moroi, JHEP 1812, 023
(2018) [arXiv:1810.02095 [hep-th]].
[16] A. Hebecker and T. Wrase, Fortsch. Phys. 67, no. 1-2,
1800097 (2019) [arXiv:1810.08182 [hep-th]].
[17] D. Andriot and C. Roupec, Fortsch. Phys. 67, no. 1-2,
1800105 (2019) [arXiv:1811.08889 [hep-th]].
[18] S. K. Garg and C. Krishnan, arXiv:1807.05193 [hep-th].
[19] H. Ooguri, E. Palti, G. Shiu and C. Vafa, Phys. Lett. B
788, 180 (2019) [arXiv:1810.05506 [hep-th]].
[20] R. Bousso, JHEP 9907, 004 (1999) [hep-th/9905177].
[21] H. Ooguri and C. Vafa, Nucl. Phys. B 766, 21 (2007)
[hep-th/0605264].
[22] M. S. Seo, Phys. Rev. D 99, no. 10, 106004 (2019)
[arXiv:1812.07670 [hep-th]].
[23] S. Mizuno, S. Mukohyama, S. Pi and Y. L. Zhang,
arXiv:1905.10950 [hep-th].
[24] J. J. Heckman, C. Lawrie, L. Lin and G. Zoccarato,
arXiv:1811.01959 [hep-th].
[25] J. J. Heckman, C. Lawrie, L. Lin, J. Sakstein and G. Zoc-
carato, arXiv:1901.10489 [hep-th].
[26] G. W. Gibbons and S. W. Hawking, Phys. Rev. D 15,
2738 (1977).
[27] R. Bousso, Rev. Mod. Phys. 74, 825 (2002)
[hep-th/0203101].
5[28] R. Brustein, Phys. Rev. Lett. 84, 2072 (2000)
[gr-qc/9904061].
[29] R. R. Caldwell, Phys. Lett. B 545, 23 (2002)
[astro-ph/9908168].
[30] S. M. Carroll, M. Hoffman and M. Trodden, Phys. Rev.
D 68, 023509 (2003) [astro-ph/0301273].
[31] G. Veneziano, Phys. Lett. B 454, 22 (1999)
[hep-th/9902126].
